The 40 Ar/ 39 Ar stepwise crushing technique is applied for the first time to date garnet from ultra-high-pressure metamorphic (UHPM) eclogites. Three garnet samples from the Bixiling eclogites analyzed by 40 Ar/ 39 Ar stepwise crushing yield regular, predictable age spectra, and a clear separation between excess 40 Ar and concordant plateau and isochron ages. All three age spectra begin with high apparent ages followed by step by step decreasing ages, and finally age plateaux with apparent ages in the range from 427 ± 20 to 444 ± 10 Ma. The data points constituting the age plateaux yield excellent isochrons with radiogenic intercept ages ranging from 448 ± 34 to 459 ± 58 Ma, corresponding to initial 40 Ar/ 36 Ar ratios from 292.1 ± 4.5 to 294.5 ± 6.7, statistically indistinguishable from the modern air. The high initial ages are interpreted to derive from secondary fluid inclusions containing excess 40 Ar, whereas the plateau ages are attributed to gas from small primary fluid inclusions without significant excess 40 Ar. The plateau ages are interpreted to approximate the time of garnet growth during initial UHPM metamorphism. Phengite analyzed by laser stepwise heating yielded a complicated two-saddle age spectrum with a scattered isochron corresponding to age of 463 ± 116 Ma and initial 40 Ar/ 36 Ar ratio of 1843 ± 1740 indicative of the presence of extraneous 40 Ar within phengite. These concordant isochron ages measured on minerals diagnostic of eclogite grade metamorphism strongly suggest that Dabie UHPM eclogites were first formed in the early Paleozoic, during the same event that caused the Qinling-Northern Qaidam Basin-Altyn Tagh eclogites.
Introduction
The Dabieshan and Sulu terranes in central-eastern China form the largest occurrence of ultra-high-pressure metamorphic (UHPM) rocks in the world ( Fig. 1) (Xu et al., 1992; Zhang et al., 1995; Ye et al., 2000 Ye et al., , 2001 Ye et al., , 2002 Xu et al., 2003) and, as a consequence, have become the focus of intense geological research on the characteristics of UHP metamorphism (Li et al., 1993; Okay et al., 1993; Hacker and Wang, 1995; Liu et al., 1995; Cao and Zhu, 1996; Chavagnac and Jahn, 1996; Hacker et al., 1998; Yang and Jian, 1998; Cong and Wang, 1999; Yang et al., 2002) .
The pressure-temperature-time (PTt) path of the UHPM rocks has been constrained by geobarometry and isotopic techniques. Metamorphic temperatures and pressures of ca. 600-1140°C and 18-67 kbar were estimated (Okay, 1993; Zheng, 1993a,b; Zhang et al., 1995; Xiao et al., 2000) . Extremely deep burial is demonstrated by ubiquitous coesite and local diamond (Xu et al., 1992 (Xu et al., , 2003 Ye et al., 2001) . Subduction depths of greater than 200 km were inferred (Ye et al., 2000) . Sm-Nd and Rb-Sr isochron dating of eclogites from both the Dabieshan and the Sulu terranes yielded consistent results of 240-220 Ma Chavagnac and Jahn, 1996) . In contrast, 40 Ar/ 39 Ar dating of phengites yielded clearly older ages than the results obtained by other techniques. Giorgis et al. (2000) suggested that 40 Ar in phengite may represent argon inherited from the protolith of the UHP eclogite, rather than excess, i.e., parentless, argon [nomenclature following McDougall and Harrison (1999) ]. Zircon U-Pb ages span a wide range from 210 to 970 Ma with three groups: 210-240 Ma (Ames et al., 1996; Rowley et al., 1997; Hacker et al., 1998; Li et al., 2000; Wan et al., 2005; Xie and Chen, 2005) , 420-480 Ma (Jian et al., 1994; Yang et al., 1995; Jian et al., 2000; Gao et al., 2002; Yang et al., 2005) and 650-970 Ma (Liu et al., 1995; Cheng et al., 2000; Wan et al., 2005) . A few Early Proterozoic-Late Archean U-Pb ages of 2200-2770 Ma were obtained Zhu, 1995, 1996; Liu et al., 1995) . Ages for the Bixiling eclogites, the largest outcrop area of mafic eclogites in Dabieshan, have been determined with various isotopic geochronometers. The previous dating results for the Bixiling eclogites are summarized in Table 1 . Using a SHRIMP II ion microprobe, Jian and co-workers obtained concordant Caledonian ages of 455 ± 4, 452 ± 3 and 442 ± 2 Ma, respectively, for zircons from the dark coloured eclogite, light coloured eclogite, and granitic gneiss of Bixiling (cited in Yang et al., 2002) .
Depending on the dating method, estimates of the age of UHP metamorphism in the Dabie-Sulu terranes range from Triassic, to early Paleozoic, to Neoproterozoic to Neoarchean (see discussion in Yang et al., 2002) . Undoubtedly, the last profound metamorphic event occurred in the Triassic with local overprinting by post-tectonic granitoids of Cretaceous age.
Argon isotope systematics of (U)HP metamorphic rocks
The purpose of this study was to investigate Ar isotope systematics of garnet and fluid inclusions in garnet, with the specific aim of studying excess 40 Ar by the 40 Ar/ 39 Ar crushing technique given that age scatter attributed to excess 40 Ar is ubiquitous in the (U)HP metamorphic rocks of Dabieshan , the Seward Peninsula of Alaska (Hannula and McWilliams, 1995) , the western Alps (Scaillet et al., 1992; Arnaud and Kelley, 1995; Ruffet et al., 1995 Ruffet et al., , 1997 Scaillet, 1996) , the Holsnoy Island of western Norway (Boundy et al., 1997) , the Pakistan Himalaya (Tonarini et al., 1993) , and the Tavsanli Zone of NW Turkey (Sherlock and Arnaud, 1999; Sherlock and Kelley, 2002) .
It should be noted, however, that for some of the samples from the western Alps, Carrapa et al. (2003) argued that anomalously old ages may be a consequence of inherited argon rather than of excess argon, i.e., as vestiges of the pre-metamorphic geologic history of these rocks that survived the last, Eocene-Miocene metamorphic events. Giorgis et al. (2000) made a similar point for the Sulu eclogite phengites. The mobility of 40 Ar during UHP metamorphism is still poorly understood (Scaillet, 1996 (Scaillet, , 1998 Sherlock and Arnaud, 1999; Kelley, 2002; Sherlock and Kelley, 2002) . No convincing evidence has been obtained, so far, on either the timing of incorporation of excess argon or the processes by which the argon becomes trapped in the lattice of some minerals. Better understanding of the process will help to improve our understanding of the thermal evolution of UHP continental crustal rocks.
Our approach in the present study is novel in that it is the first to document the argon isotope systematics of the fluid phase encapsulated in metamorphic minerals. In noble gas geochemistry stepwise crushing is a commonly used technique to distinguish the gas component trapped inside fluid inclusions and on the grain boundaries of solid inclusions from the component of the gas trapped inside the crystal lattice. The latter component subsequently may be liberated by stepwise heating the remaining powder. Since Kelley et al. (1986) attempted to analyze fluid inclusions by the 40 Ar/ 39 Ar method using crushing gas-extraction technique, it has been demonstrated that fluid inclusions in quartz from hydrothermal deposits can be dated by crushing in vacuum (Turner and Bannon, 1992; Turner and Wang, 1992; Qiu, 1996; Kendrick et al., 2001; Qiu et al., 2002a,b) . Concordant 40 Ar/ 39 Ar ages of quartz hosted fluid inclusions by crushing and those of muscovite and other K-rich micro-crystals by heating have been reported in several studies (Qiu, 1996; Qiu et al., 2002a,b) .
In this study, we use the stepwise crushing technique in an attempt to investigate and perhaps date the fluid inclusions in garnets from the Bixiling eclogites in order to shed further light on fluid mobility during UHP metamorphism. Unexpectedly, we obtained very interesting 40 Ar/ 39 Ar age results with plateau ages and good isochrons by the 40 Ar/ 39 Ar progressive crushing technique, which form the main focus of the present paper. If an old prograde argon age signal is to be preserved in metamorphic garnet formed at temperatures in excess of 700-800°C (see below), then the diffusion rate of argon in garnet in the HT metamorphic domain must be very low. We are not aware of any information in the literature on the diffusion rate of argon in garnet. Dunai and Roselieb (1996) , however, showed that the closure temperature for helium in garnet could be as high as ca. 630°C. Given the larger size of the argon atom relative to the helium atom and assuming the same mechanism for diffusion, it follows that the closure temperature for argon diffusion in garnet may be considerably higher than 630°C. Thus, if the host garnet remains stable during subsequent metamorphic overprinting, it is possible that primary fluid inclusion ages in garnet may survive high temperature metamorphism. The data presented in our work appears to support this notion, which may offer a new approach to dating metamorphic histories in complex metamorphic terrains.
Petrology and fluid inclusions
The Bixiling mafic-ultramafic metamorphic complex is a 1.5 km 2 tectonic block within biotite gneiss in the southern Dabie ultra-high-pressure terrane (Fig. 1) . The complex consists of banded felsic and mafic eclogites that contain thin layers of garnet-bearing cumulate ultramafic rock. Detailed petrological and geochemical studies have been made by Zhang et al. (1995) . All the eclogite samples in this study are light in colour and rich in kyanite, the same as type (3) of ''foliated kyanite-rich, talc-bearing coesite eclogite'' described by Zhang et al. (1995) who distinguished six types of eclogites in Bixiling. The light-coloured eclogites contain garnet, omphacite, quartz, kyanite and phengite, along with minor rutile (Fig. 2) . Coesite and its pseudomorphs occur as inclusions in garnet and omphacite . The minerals show little alteration, deformation or weathering. Zhang et al. (1995) concluded that the ultramafic metamorphic assemblages formed at 700-800°C and 47-67 kbar, following initial emplacement at normal crustal levels and subsequent subduction to great depths (>100 km) during the collision of the Sino-Korean and Yangtze cratons. T (°C) at 30 kbar. KR, Krogh (1988) . PW, Powell (1985) . EG, Ellis and Green (1979) . The samples in this study were from a newly exposed outcrop in the eastern part of Bixiling, east of Qianshui River (Fig. 1) (Ellis and Green, 1979) indicate that the eclogites used for our studies formed in the range 730 (rim) to 820°C (core) (calculated at P = 30 kbar), which are similar to temperatures obtained in previous studies using the same thermometer Xiao et al., 2000) and by oxygen isotope geothermometers (Xiao et al., 2000) . All the white mica grains from the Bixiling eclogites are phengites because of their high Si/Al ratios of 3.81-9.96 with an average of 6.63, much higher than 3, in octahedral sites (Table 2b ). These high Si compositions are consistent with the interpretation that phengite also formed during UHP metamorphism.
The fluid phase involved in UHP metamorphism of the Dabie eclogites at Bixiling and elsewhere was investigated in several previous studies (Xiao et al., 2000; Fu et al., 2001 Fu et al., , 2002 Fu et al., , 2003 . Five types of fluid inclusions within Bixiling eclogite were distinguished (Xiao et al., 2000) : (1) primary Ca-rich brines in quartz blebs in kyanite; (2) primary NaCl-dominated high-salinity inclusions in omphacite and kyanite; (3) primary NaCl-dominated medium-to high-salinity inclusions in matrix quartz; (4) carbonic inclusions in omphacite and matrix quartz; (5) secondary low-salinity aqueous (or pure water) inclusions in matrix quartz. Clusters of water molecules in the elongated garnets of Bixiling were discovered, which indicated the protoliths were able to carry water into the mantle during the subduction of continental lithosphere (Su et al., 2002) .
Most of the fluid inclusions in the garnets of Bixiling are primary and small (63 lm) (Fig. 3) . Their small size in combination with the high refractive index of garnet prevents the determination of their homogenization/ freezing temperatures and chemical compositions using a conventional heating-freezing stage. Fluid inclusions in quartz, often much bigger than those in garnet and some of them containing gas bubbles, are distributed within tracks, which may indicate that they are secondary and formed later than those in garnet. Clearly secondary fluid inclusions distributed along micro-cracks in quartz were also observed. In summary, fluids were mobile in the rock during various stages of the metamorphic evolution. It could be argued, therefore, that at least two periods of fluids affected the garnet after its crystallization in terms of the observations of the fluid inclusions in quartz.
Experimental techniques
Argon isotope ratios were measured on an MAP-215-50 mass spectrometer in the Argon Isotope Laboratory of the Vrije Universiteit Amsterdam using techniques modified from those described by Wijbrans et al. (1995) . Samples and monitor standard DRA1 (sanidine with age of 25.26 ± 0.07 Ma) were irradiated at the Petten HFR reactor using the Cd-lined RODEO pool-side facility for 18 h. Correction factors for interfering argon isotopes derived from Ca are determined by Wijbrans et al. (1995) , the correction factor for K-derived nucleogenic 40 Ar was re-determined when the Cd-lined tube on Rodeo became operational. . In order to obtain J-values for the samples, the monitor DRA1 was packed between every five samples in quartz sample tubes, each tube containing 10 to 15 packets of DRA1. From each packet containing DRA1 five splits were used to measure the J-values, then taking the weighted mean as the J-value. DRA1 is very homogeneous and replication is usually excellent (Wijbrans et al., 1995) . Based on the J-values and the positions of DRA1 in the sample tube, a regression line of each sample tube was obtained, and then the J-values of the samples were calculated by interpolation from the regression line. The J-value uncertainty of 0.15% (1r) was propagated into the age calculations.
The crushing experiments were carried out in an inhouse designed crushing apparatus which was connected to the extraction line. The crusher consists of a 40 cm long, 4 cm diameter Inconel Ò tube. The tube has spherical curvature on the inside base. The base is made of a 10 cm long -4 cm diameter solid rod of Inconel Ò that was welded to the tube. Crushing is achieved by moving a magnet steel dead-weight, with a machined spherical curvature on the one end, grooves on the side and a threaded nipple on the top end (for easy removal). The curvature on the dead-weight is of slightly smaller radius when compared to that of the crusher base, allowing concentration of powder near the tube central axis during crushing. Prior to analysis, blanks were reduced by heating the whole apparatus to 150°C using heating tape and the sample tube to 300°C using a furnace for ca. 12 h. The samples were crushed by repeatedly lifting and dropping the pestle using an external electromagnet with a frequency of one time per second (1 Hz) controlled by an adjustable power supply and pulse generator. The pestle was dropped from a height of 3 to 5 cm. As it was found that the gas yield decreased during the experiment, the number of the pestle movements for each successive extraction step was increased to maintain the argon concentration levels high enough for measurement.
The phengite was analysed using standard single grain laser incremental heating techniques where the laser power is increased for each subsequent step (e.g., Wijbrans et al., 1995) . The released gases were purified by a Fe/V/Zr getter pump operated at 250°C and a Zr/Al pump operated at 450°C. The purified gas was then analysed for the argon isotopes in the mass spectrometer.
We ran aliquots of air to check the mass spectrometer state at the beginning of experiments. In order to exclude the blank contributions of the line, a blank was run after every three or four gas extraction steps. The blank values are variable but usually blanks on 40 Ar were 100-1000 times smaller than the amount of gas derived from the crushing experiments. Units used for tabulation of beam intensity data are Volts. Recent calibration using weighed amounts of HdB1 biotite standard (3.364 · 10 À10 mol/g radiogenic 40 Ar content (Lippolt and Hess, 1994) yielded an average value of 7.2 · 10 À15 moles Ar per Volt for our mass spectrometer.
Results
The 40 Ar/ 39 Ar dating results of three garnets DB-1G, 02BX005 and 02BX019 by crushing and a phengite DB-1MS by laser heating are shown in Crushing in vacuum is the accepted technique to release selectively gas trapped in crystalline material in fluid inclusions and along cracks and cavities in the crystal. Crushing apparently has very little effect on the gas component that is trapped within the crystal lattice: the crushing experiment on the Methuen muscovite (Dunlap and Kronenberg, 2001) showed that only $0.53% of total 39 Ar was released by crushing. Qiu et al. (2002a) indicated that ''strong differences between the results of the crushing and heating experiments of two samples imply that the gases released by crushing were mainly from the fluid inclusions and those by heating were from the mineral component of the samples, which was supported by microscopic observations of the thin sections and the results of EPMA and XRD analyses'' and ''the gases within the structures of the solid minerals are hardly released by crushing.'' Therefore, the results obtained from our garnet samples by crushing may be interpreted with some confidence as the contribution of the fluid inclusions trapped inside the crystalline mass. In Section 5, we will argue the validity of this assumption from comparison of the 40 Ar/ 39 Ar results of garnets with those of phengite.
Garnet DB-1G, 02BX005G and 02BX019G
The 40 Ar/ 39 Ar ratios of garnet DB-1G as determined from progressive crushing experiments form an age spectrum ( Fig. 4a) with apparent ages decreasing dramatically in the first 9 steps and then an age plateau appears from steps 10-22 corresponding to a plateau age of 427 ± 20 Ma (taking about 59.5% of the total 39 Ar released by crushing) by correcting the non-radiogenic 40 Ar using the 40 Ar/ 36 Ar ratio of the modern atmosphere (295.5). On the inverse isochron diagram of 36 Ar/ 40 Ar vs 39 Ar/ 40 Ar, a well-defined isochron is obtained from the data points of stages 10 to 22 which corresponds to an isochron age of 448 ± 34 Ma, an initial 40 Ar/ 36 Ar ratio of 292 ± 5 and an MSWD = 4.1 (Fig. 4b) . This initial 40 Ar/ 36 Ar ratio is within error of that determined for present-day atmosphere. A plateau age of 449 ± 18 Ma is obtained when applying this ratio to correct the non-radiogenic 40 Ar (Fig. 4a) , which is in agreement with its isochron age, indicating the time when the primary fluid inclusions were trapped and therefore the garnet formed ca. 450 Ma ago.
The 40 Ar/ 39 Ar dating results of garnets 02BX005G and 02BX019G by crushing in vacuo also form quite similar age spectra and isochron diagrams (Figs. 5 and 6) to those of the garnet DB-1G: (1) Both age spectra show a decrease in apparent ages in the beginning steps, and these apparent ages are all much higher than expected, which indicates that excess 40 Ar exists within the bigger, easily crushed, secondary fluid inclusions. (2) Both garnets reveal age plateaux in the final steps with concordant plateau ages of 450 ± 31 and 449 ± 10 Ma, respectively (when applying Dabieshan garnet fluid inclusions dated by 40 Ar/ Ar) . (3) The data points of the steps contributing to the plateaux yield isochron lines with concordant isochron ages of 459 ± 58 and 450 ± 22 Ma corresponding to initial 40 Ar/ 36 Ar ratios of 294.5 ± 6.7 and 293.9 ± 5.8, respectively, which also indicates that no excess 40 Ar is present within the small primary fluid inclusions.
In summary, all three garnets yielded similar age spectra, similar initial 40 Ar/
36
Ar ratios and plateau ages pointing to formation during the Caledonian period.
Phengite DB-1MS
The phengite of sample DB-1MS analyzed by laser stepped heating yielded a complicated two-saddle-shaped age spectrum with a total fusion age of 575 ± 3 Ma (Fig. 7a) .
In 40 Ar/ 36 Ar ratio of 1843 ± 1740 is obtained by excluding three points (blank square) far removed from the isochron line (Fig. 7b) . Applying this initial ratio to correct the non-radiogenic 40 Ar component, a spectrum corresponding to a lower age for each step is obtained with a total fusion age of 468 ± 6 Ma (the dotted lines in Fig. 7a ).
Discussion

Garnet age spectra
The proportions of 39 Ar defining the age plateaux of the three garnets show that DB-1G was less profoundly affected by secondary fluids than 02BX005G and 02BX019G. The key 40 Ar/ 39 Ar data obtained from the crushing experiments on the three garnets are listed in Table 4 . The isochron and plateau ages of the three garnets are concordant, which suggests that they are geologically meaningful.
Comparing these new results with the 40 Ar/ 39 Ar dating results of crushed quartz samples from hydrothermal deposits that contain excess 40 Ar within fluid inclusions (Qiu, 1996; Qiu et al., 2002a,b) , we note that the shapes of the spectra have features in common. Both types of experiments show spectra with very high initial ages that decrease towards a plateau in the final 25-33% of the gas release. However, the distributions of the data points in the isochron diagrams are quite different. In the case of the hydrothermal quartz samples all the points are typically distributed near the isochron lines with high initial 40 Ar/ 36 Ar ratios showing clearly the presence of excess 40 Ar within all fluid inclusions. The argon isotope correlation diagrams show contributions from two reservoirs: (1) radiogenic 40 Ar formed by the decay of 40 K within the fluid inclusions and (2) the initial Ar component trapped in the fluids. This two sources of argon form a simple two reservoir mixing line. In contrast, for garnets DB-1G, 02BX005G and 02BX019G, we observe a clear division into two separate populations of points. The first group is characterized by easily liberated gas with an argon isotope composition that shows a scattered distribution in the isochron diagram and yields anomalously old ages in the age spectrum. This group shows a typical excess argon trend but no linear array, suggestive of mixing of at least three components. The second group comprises gas that is only released after prolonged crushing and that is characterized by a well-defined isochron with a non-radiogenic intercept close to modern atmosphere. From these results we conclude that the argon isotopic signal obtained from the fluid inclusions of these garnets can be explained in terms of three reservoirs contributing to the observed argon release. The first reservoir contributes mainly excess 40 Ar to the initial steps of the experiment, the second contributes an Early Paleozoic radiogenic signal and the third contributes an atmospheric signal. The radiogenic and atmospheric argon components form well-defined isochrons. As the release of these two components is apparently linked, we assume that they are derived from the same source. One possibility is that excess argon is so much more abundant in the first steps of the experiments that it may hide the contribution of radiogenic and atmospheric argon. More likely, the excess argon resides in a different class of inclusions that is not linked to the source of the radiogenic and atmospheric argon. We assume that in stepwise crushing experiments the largest, most easily crushed inclusions contribute to the gas in the initial steps of the experiment. We base this assumption on the observation that during this stage of the experiment, large gas intensities are generated by limited crushing movements (1-10 impacts per step). This gas fraction is dominated by excess 40 Ar which we argue is hosted in the larger secondary inclusions, most likely incorporated into the garnet during a phase of increased fluid mobility after the peak UHP conditions or even later, after UHP metamorphism had ended. High concentrations of excess 40 Ar at the grain boundaries are commonly attributed to the effects of cumulative release of radiogenic 40 Ar from the protolith that degassed during metamorphism (e.g., Kelley, 2002) . Once released from the crystalline reservoir it was dissolved in the fluid phase that was trapped in rock during UHP metamorphism. Entrapment in the Ar ratios from the isochron plot to correct the non-radiogenic 40 Ar. secondary fluid inclusions must have occurred at some time after crystallization of the garnet, and before this fluid phase was lost during progressive decompression. We acknowledge that we cannot distinguish between multiple groups or generations of excess argon-bearing secondary fluid inclusions, i.e., during polyphase metamorphism there may have been several periods favoring a high argon partial pressure in the metamorphic fluid. In the argon data presented here, they are all grouped together as post-dating the early signal that is revealed by prolonged crushing. Only after hundred steps of pestle movements do we observe gas that is apparently a mixture between atmospheric and radiogenic argon, without an apparent contribution of excess 40 Ar. Gas from smaller inclusions is progressively more difficult to release, which is reflected in the observation that it takes progressively more pestle movements (>50 per step) to obtain sufficient gas to perform an analysis. Once we have entered this part of the experiment we observe the gas component corresponding to the age plateaux that we argue to be the contribution of the primary fluid inclusions.
The concordant initial 40 Ar/ 36 Ar ratios of 292.1-294.5 found for the three garnets, which are within the analytical uncertainty equal to the 40 Ar/ 36 Ar ratio of the modern atmosphere, support the conclusion from oxygen isotope studies that the protoliths of these eclogites underwent near-surface interaction with meteoric water before the high-to ultrahigh-pressure metamorphism (Yui et al., 1995; Baker et al., 1997; Zheng et al., 1999) . If this is the case, then some atmospheric argon may have been incorporated into hydrous minerals during the process of surface water-rock interaction and partly retained in the rock even during the subsequent prograde phase of high-pressure metamorphism, i.e., the period before decreased permeability of the rock due to high to ultra-high lithostatic pressures. The results of Fourier transform infrared spectrometer analyses for garnets from Bixiling also demonstrated that all the garnets contain structural water as hydroxyl (OH) with concentration ranging from 164 to 2034 ppm (H 2 O wt.) (Sheng et al., 2004) . Within garnet, the most likely present K-rich mineral inclusion is phengite. If perceivable amounts of gases were released from phengite inclusions by crushing, and the phengite trapped inside the garnet is the same as the Dabieshan garnet fluid inclusions dated by 40 Ar/ phengite that was analysed from the bulk rock, than its contribution to the signal would have a profound effect on the shape of the age spectra and on the initial 40 Ar/ 36 Ar ratio of garnet. In particular, the last steps of the age plateaux and the atmospheric initial 40 Ar/
36
Ar ratios would never been obtained. Therefore, we argue that the gas released by crushing must be the contribution mostly from the fluid inclusions and not from mineral inclusions.
Thus, we suggest that the simplest hypothesis is the most likely: the garnet fraction of the Bixiling eclogite was formed during the early Paleozoic, rather than in the Triassic as was implied from previous geochronology. From the garnet compositional data we argue that the garnet formed during UHP metamorphism. The age-although somewhat disturbed-and chemical composition of the eclogite phengite are consistent with this interpretation.
Correlations between Cl and K derived Ar isotopes
The correlation between Cl-and K-derived Ar isotopes may help us to identify the different Ar sources in the fluid inclusions (Kelley et al., 1986; Turner and Bannon, 1992; Turner and Wang, 1992; Qiu, 1996; Hu et al., 1998 Kendrick et al., 2001 Qiu et al., 2002b Fig. 8 . The data points of the first several steps show high 40 Ar * / 38 Ar Cl ratios and scatter, and in the case of 02BX005G, no 38 Ar Cl is released in steps 5-11. As expected, these data points contributing to the age plateaux also define correlation lines with slopes corresponding to ages of 442, 445 and 439 Ma for DB-1G, 02BX005G and 02BX019G, respectively, which are in good agreement with their isochron ages. These correlation lines suggest that the components released by crushing are from the fluid inclusions, in other words, the air-component end member shown in the isochron plots of 39 Ar/ 40 Ar vs 36 Ar/ 40 Ar are from the fluid inclusions with garnets, but not an artefact caused by release of argon from the metal of the crusher. 40 Ar/ 39 Ar crushing experiments on the hydrothermal quartz (Qiu et al., 2002b) Ar data of the garnets by crushing. These data points defining the age plateaux (¤) also define correlation lines with slopes corresponding to ages of 442, 445 and 439 Ma for DB-1G, 02BX005G and 02BX019G, respectively. 39 Ar crushing technique could be applied to date hydrothermal and metamorphic K-poor minerals containing fluid inclusions or to investigate the fluid evolution during mineralization or metamorphism. As both 40 K and 40 Ar are encapsulated in the inclusion, retention of argon is a function of the diffusivity of argon in garnet, which we assume is very low. Potassium may well be in solution in these aqueous fluids, the argon is simply trapped in the inclusion either in a gas bubble or dissolved in the liquid.
Phengite age spectrum
The initial 40 Ar/ 36 Ar ratio of 1840 ± 1740 of phengite DB-1MS is obviously much higher than that of the modern atmosphere, showing the presence of extraneous 40 Ar within the phengite. We take the isochron age of 448 Ma of the coexisting garnet by crushing (Fig. 4b) (Fig. 7a , the grey line) in the heating steps.
Two possible sources of extraneous 40 Ar exist: (1) inherited 40 Ar from protolith (Giorgis et al., 2000) ; (2) excess 40 Ar in the fluid during retrograde metamorphism incorporating into the phengite crystal lattice by diffusion. The inhomogeneous distribution of extraneous 40 Ar within the phengite causes the abnormal high 40 Ar/ 39 Ar apparent ages and the data point scatter on the isochron diagrams.
In terms of the occurrence of extraneous 40 Ar within garnet and phengite, we infer that excess 40 Ar together with fluid entered the minerals during the retrograde 40 Ar to diffuse into interlayer sites in the phengite crystal structure. In contrast, the compact crystal structure of garnet and its resultant low argon diffusivity prevented the intake of excess 40 Ar into the garnet crystal lattice, with the exception for argon trapped along micro-cracks where secondary fluid inclusions are distributed. Thus, the lack of excess 40 Ar that is found within garnet by 40 Ar/ 39 Ar UV-laser ablation analysis (Giorgis et al., 2000) is perhaps a function of the very low diffusivity of argon in garnet and the high content of excess argon in phengite is a function of the higher diffusivity of argon in phengite.
The age of metamorphism of the Bixiling eclogite
In a recent study using a SHRIMP II instrument, a series of zircon samples from the Bixiling eclogite and granitic gneiss were dated using the U/Pb technique. The weighted mean ages of the SHRIMP zircon U-Pb ages of zircons from the dark coloured eclogite, light coloured eclogite and granitic gneiss are 455 ± 4, 452 ± 3 and 442 ± 2 Ma, respectively (cited in Yang et al., 2002) . These ages are in good agreement with each other, and in excellent agreement with the 40 Ar/ 39 Ar isochron age of the primary fluid inclusions of the garnets by crushing found in the present study. Whereas the U/Pb age of low-U zircons can be determined with high analytical precision, the link between zircon growth and the PTt history of the rock is not always straightforward. Zircon may grow during primary magmatic crystallization, and during subsequent metamorphic events. As a consequence, pre-Triassic zircon ages until now could be dismissed as recording various stages of protolith history. In contrast, with the 40 Ar/ 39 Ar technique, age information is obtained on minerals that define the metamorphic assemblage. The phengite ages by themselves are not strong evidence for an older metamorphic age of Bixiling because of the potential presence of inherited or excess 40 Ar. Our garnet results, however, demonstrate that within the garnets a reservoir is preserved that also records the earlier Paleozoic age, and at the same time due to its isochron relation can only be interpreted as a mixing line between radiogenic argon and atmospheric argon. Thus, from our work we contend that the eclogite mineral assemblage phengite-garnet formed during the early Paleozoic and not in the Triassic. This information in combination with the zircon U-Pb (Yang et al., 2002) and other previous data in Table 1 , represents strong evidence that Bixiling has had a complex thermal history recording both Paleozoic and Triassic metamorphic ages.
In summary, we suggest that while the effects of Triassic metamorphism in the Dabie-Sulu terrain are undeniably profound, the largest of the Dabie eclogite bodies, Bixiling, shows evidence that it was formed earlier, with primary igneous ages perhaps as old as the late Precambrian, and that the (U-)HP mineralogy first formed in the early Paleozoic, i.e., well before the dominant Triassic (U-)HP event.
On the basis of SHRIMP U-Pb zircon data combined with mineral and whole-rock Sm-Nd, 40 Ar/ 39 Ar and 207 Pb/ 206 Pb data, Jian et al. (2000) concluded that Xiongdian eclogite in northwestern Dabieshan formed between 424 and 480 Ma. Gao et al. (2002) also obtained SHRIMP U-Pb zircon ages of 461 ± 7 Ma for the Yingshan eclogite and 449 ± 14 Ma for the Xiongdian eclogite. Coesite-bearing zircons from a Qinglongshan eclogite in the south Sulu belt yielded early Paleozoic UHPM ages of 441 ± 9, 449 ± 9 and 442 ± 9 Ma, whereas the core of a zircon containing plagioclase and apatite inclusions gave a protolith age of 761 ± 13 Ma . Paleozoic SHRIMP U-Pb zircon ages of 505-455 Ma were also reported for the coesite-bearing paragneisses in drill holes at Donghai, southwestern Sulu terrane . In the last decade, ultra-high-pressure and high-pressure metamorphism in eclogites, gneisses and granulites was also found along the belt from Dabieshan, Qinling to northern Qaidam and Altyn Tagh (the Central Orogenic Belt of China) (Fig. 10) . These rocks were all formed during a metamorphic event around 450-500 Ma. For the Altyn Tagh eclogites, the Sm-Nd isotopic data yield a whole rock-garnet-omphacite isochron age of 500 ± 10 Ma, and U-Pb zircon ages from the same eclogite show four populations that are near concordant, giving a weighted mean age of 504 ± 5 Ma (Zhang et al., 2001) . For the Altyn Tagh granitoid gneiss, the SHRIMP zircon ages of 484-491 Ma were obtained . For the eclogites at the northern margin of Qaidam basin, the weighted mean zircon U-Pb age of 495 ± 7 Ma, SHRIMP U-Pb ages of 486-488 Ma, and 40 Ar/ 39 Ar isochron age for phengite of 466-477 Ma were obtained (Zhang et al., 2000 (Zhang et al., , 2005 . Coesite-bearing zircons from a North Qaidam gneiss yielded UHP metamorphic ages of 452 ± 13.8 Ma . For the northern Qinling granulite, LA-ICP-MS zircon U-Pb age of 485 ± 3 Ma was reported . Hacker et al. (1998) questioned the prevailing assumption that the Triassic ages of zircons from Qinling-Dabie formed at ultrahigh pressure and proposed instead that they reflect late retrogression at crustal pressures following the bulk of exhumation. Hacker et al. (1998) also agreed with the interpretation of $480 to 400 Ma as the metamorphic ages occurred in Qinling.
Thus, our new results support an emerging picture that early Paleozoic (U-)HP metamorphism was widespread in the Central Orogenic Belt of China.
Conclusions
The main new findings from this study are summarized as follows:
(1) The 40 Ar/ 39 Ar crushing technique has been applied to garnets from the Bixiling UHPM eclogites. The method appears to successfully deconvolve argon from different sources within the garnets. Argon released early in the crushing experiments yields anomalously old ages indicative of excess argon, whereas argon released in later parts of the experiments yields relatively concordant ages that do not appear to be affected by excess argon.
(2) Excess argon released early in the experiments are is interpreted to be sourced from relatively large secondary fluid-inclusions, which were formed subsequent to initial UHP metamorphism and garnet crystallisation. Radiogenic argon released in later parts of the experiments in interpreted to derive from small primary fluid-inclusions trapped during garnet growth. The 40 Ar/ 39 Ar ages derived from these primary fluid-inclusions are therefore regarded as approximating the time of garnet growth during UHP metamorphism. The absence of excess argon in the primary fluid inclusions indicates that excess argon was not present during original crystallisation of the garnets at eclogite-facies conditions, but entered the garnets during later fluid activity subsequent to garnet crystallisation. (3) The concordant 40 Ar/ 39 Ar plateau ages and isochron ages of ca. 450 Ma of the garnets DB-1G, 02BX005G and 02BX019G by crushing are in excellent agreement with the SHRIMP zircon U-Pb ages of the Bixiling eclogites and granitic gneiss. The geological significance of these early Paleozoic ages should be further investigated. However, as these ages were obtained from eclogite-grade metamorphic garnets, we contend that we are in fact dealing with a metamorphic signal rather than with a signal related to the protolith of these eclogites.
